A transmission-defective (TD) isolate of rice dwarf phytoreovirus lacked the ability to infect cells when derived from the virus-free insect vector Nephotettix cincticeps. Analysis by sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the purified virus showed that among six structural proteins, the P2 outer capsid protein (encoded by genome segment S2) was absent from the TD isolate, whereas all six proteins were present in the transmission-competent (TC) isolate. P2 was not detected on immunoblots of rice plants infected with the TD isolate. Genome segment S2 and its transcript were detected in both TD and TC isolates. Sequence analysis of the S2 segment of the TD isolate revealed the presence of a termination codon due to a point mutation in the open reading frame, which might explain the absence of P2 in the TD isolate. These results demonstrate that the P2 protein is one of the factors essential for infection by the virus of vector cells and, thus, influences transmissibility by vector insects.
Rice dwarf phytoreovirus (RDV) is an icosahedral doubleshelled particle of approximately 70 nm in diameter (3, 5) . The core particle is composed of 12 segments of double-stranded RNA (dsRNA) and four different proteins, and it is enclosed by a capsid that consists of the P2 and P8 proteins (27) . RDV is acquired by vector insects from infected plants; it replicates within the insect vector and is transmitted to healthy plants. The P2 outer capsid protein of 123 kDa (127 kDa in the O strain of RDV; accession no. AB001579) is considered to be essential for infection by the virus of vector cells, in view of the fact that the extent of infection by the virus of vector cell monolayers (VCM) is proportional to the amount of P2 protein in the virus particles (27) . P2-free particles fail to propagate in the vector insect, and they are not transmitted to healthy plants by insects. These results suggest that the P2 protein is required for viral transmissibility by vector insects.
Transmission-defective (TD) isolates of phytoreoviruses have been reported for both wound tumor virus (20, 21) and RDV (6) . In view of the fact that transmissibility via the insect vector was lost by virus particles without the P2 protein, which had been artificially eliminated by chemical treatment (27) , we were interested to determine whether the P2 protein was present in a TD isolate of RDV that had been derived from a transmission-competent (TC) isolate, which itself had been maintained in a greenhouse for several years without passage through vector insects. This study was performed in an attempt to identify the molecular basis of the transmissibility of phytoreoviruses.
The O strain of RDV (8) that we used as a TC isolate has been maintained at our facility by inoculation of healthy rice seedlings at least once a year. The TD isolate of RDV was obtained by the method described by Kimura (6) . In 1983, seedlings of rice plants were inoculated with RDV by using the viruliferous insect Nephotettix cincticeps (leafhopper). One infected seedling was selected and grown in a greenhouse. Three months after inoculation, tillers were separated from vegetatively propagated plants and propagated separately. After the first winter season, one plant was selected from a set of vegetatively propagated infected plants and used for vegetative propagation the following year. The same cycle of selection and vegetative propagation was repeated for 12 years. The experiments described herein were performed from 1994 to 1996.
RDV from such plants was neither acquired by insects nor transmitted to healthy rice plants, in contrast to the high frequency of transmission for the isolate used for inoculation in 1994 (Table 1) , an indication that the isolate used for inoculation in 1983 had become TD. We used this virus as the TD isolate in the following studies.
To characterize the TD isolate in further detail, we examined the ability of the TD isolate to infect VCM. The fluorescent antibody focus-counting technique using VCM (7, 17, 27) was used to assay the infectivity of RDV. The crude sap prepared by the method of Kimura (7) from TD-infected plants failed to infect VCM, in contrast to the high infectivity titer of the TC isolate (Fig. 1) . Furthermore, the virus purified by the method reported earlier (27) from the TD isolate had no infectivity, whereas the TC isolate was highly infectious. These results suggest that the inability of the TD isolate to infect vector cells was the cause of the defect in transmission.
In a previous report, we showed that the artificial removal of P2, one of the outer capsid proteins in TC isolates, is associated with the loss of the ability to infect vector cells (27) . We postulated that the loss of infectivity of the TD isolate observed in the present study ( Fig. 1 ) might have been due to the lack of some structural protein(s) of RDV. Among the six known structural proteins, only the P2 protein was not detected after sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (13) of the purified TD isolate (Fig. 2) . By contrast, the TC isolate contained all six proteins. These results demonstrate that the lack of the P2 protein was associated with loss of the ability to infect vector cells, as observed in our previous study (27) .
To clarify whether the lack of P2 protein in the purified TD isolate was due to failure to synthesize the P2 protein or to failure of the integration of P2 into viral particles, we examined the presence of five major structural proteins (P1, P2, P3, P7, and P8) of RDV in rice plants that had been infected with TD or TC isolates by immunoblotting. The vector N. cincticeps, viruliferous for the TC isolate, and VCM infected with the isolate were used as references.
Fresh rice leaves infected with a TC or TD isolate (0.2 g) were homogenized in 0.6 ml of 0.1 M histidine that contained 0.01 M MgCl 2 , pH 6.2 (His-Mg), and extracts were centrifuged for 10 min at 1,700 ϫ g. Each supernatant was subjected to serial twofold dilutions of from 1 to 5 to 1 to 10,240. Ten adult leafhoppers (ca. 10 mg) were homogenized in 300 l of His-Mg in a microtube. After centrifugation for 10 min at 1,700 ϫ g, the supernatant was diluted to appropriate concentrations. VCM were cultured in 40-ml culture flasks (25 cm 2 ) at 25°C, with transfer to fresh flasks every 8 to 12 days. Seven to 10 days after transfer, they were inoculated with purified virus (A 260 ϭ 2.5 ϫ 10
Ϫ2
) in His-Mg for 2 h. The inoculum was 100% infectious, as determined by the fluorescent antibody focus technique in a separate experiment. After incubation for 2 days at 25°C, cells were harvested and suspended in 50 l of His-Mg per culture flask. His-Mg without RDV was used to prepare a mock-infected control.
Samples in dissociation buffer (13) were boiled for 3 min and loaded on a 17.5% polyacrylamide gel (acrylamide-bisacrylamide, 30:0.125; 0.1% SDS). After electrophoresis, the polypeptides in the gel were transferred electrophoretically to a polyvinylidene difluoride membrane (Immobilon-P; Millipore). The P1, P2, P3, P7, and P8 proteins were detected with respective antisera and visualized by chemiluminescence (ECL-Western blotting detection reagents; Amersham). Antisera against viral proteins were prepared as described earlier (16) . After SDS-PAGE (10% polyacrylamide) of purified RDV, the Coomassie brilliant blue-stained bands of P1, P2, P3, P7, and P8 proteins were cut out. Each protein was electroeluted in 10-fold-diluted Tris-glycine-SDS buffer (13) in a protein-extraction unit (Nihon Eido) for 3 h at 1 W and then injected into rabbits.
Among the proteins, P2 was not detected in the TD isolate, whereas all five proteins were detected in the TC isolate ( Table  2 ). The reciprocal of the dilution end point for each protein was lower in the TD than in the TC isolate. All five viral proteins were also detected in vector insects that carried the TC virus and in VCM inoculated with the TC isolate. These results suggest that P2 was not synthesized in rice plants that a Eighty insects were used in each experiment. Sixteen non-virus-exposed insects, used as healthy controls in each experiments, did not give positive results.
b Insects that gave positive results in the enzyme-linked immunosorbent assay (24) .
c Insects that transmitted RDV to rice seedlings by the method of Yan et al. (27) .
had been infected with the TD isolate, explaining the absence of P2 protein in the virus particles.
One possible mechanism for the failure to synthesize P2 protein is the internal deletion of genome segment S2, as in the case of S5 of wound tumor virus (1) . To examine this possibility, we examined genome segments of purified TD and TC isolates by SDS-PAGE. RNAs were released from virus particles by the addition of 1% SDS and 0.1% EDTA to solutions of purified virus. As shown in Fig. 3 , all 12 anticipated segments were detected in equimolar amounts in the purified TD and TC isolates. No significant difference in the size of S2 segments was detected between the isolates. Apparent differences in migration were observed for genome segments S4 and S11, and the biological implications of this observation remain to be clarified.
The reduced efficiency of transcription of S2 is another explanation of the failure to synthesize the P2 protein. To explore this hypothesis, we quantified the positive-and negativesense RNAs produced in vivo.
Nucleic acids were extracted by the method of Shure et al. (22) . Rice leaves were homogenized in liquid nitrogen and RNA blot analysis was performed as follows. Equal amounts of ssRNAs, standardized relative to the amount of plant genomic DNA, were lyophilized to dryness and suspended in 10 l of 2.2 M formaldehyde in 50% formamide and denatured for 10 min at 65°C. The denatured RNAs were subjected to electrophoresis in a 1.5% agarose gel that contained 2.2 M formaldehyde in 1ϫ morpholinepropanesulfonic acid (MOPS) buffer (pH 7.0), and then RNAs were transferred to a Hybond-N ϩ filter (Amersham) in 20ϫ SSC (0.3 M NaCl, 0.03 M sodium citrate) as the transfer medium. Blots were soaked in 0.05 N NaOH for 5 min, rinsed with 2ϫ SSC, and then air dried. Prehybridization and hybridization reactions were performed in a solution of 1 M NaCl, 1% SDS, and 10% dextran sulfate for 16 h at 60°C with 1 ϫ 10 5 to 4 ϫ 10 5 cpm/ml of heat-denatured ssRNA probe. The blots were washed twice for 5 min each with 2ϫ SSC at room temperature, twice with 2ϫ SSC that contained 1% SDS for 30 min each at 60°C, and twice with 0.1ϫ SSC that contained 0.1% SDS for 5 min each at room temperature. The signals were quantitated with an image analyzer (BAS-2000; Fuji Photo Film).
As shown in Fig. 4 , RNA blot analysis revealed the presence of both positive-and negative-sense RNAs in rice plants infected with the TC and TD isolates in vivo and their sizes did not differ from that of the viral genome. We assumed that if S2 were transcribed efficiently more ss(ϩ)RNAs should be detected than ss(Ϫ)RNAs. The intensities of signals from both ss(ϩ)RNAs and ss(Ϫ)RNAs were quantitated relative to levels of purified dsRNAs as controls, and the ratio of ss(ϩ)RNAs to ss(Ϫ)RNAs was calculated for both isolates. The ratios were 4.9 and 2.5 for the TC and TD isolate, respectively, indicating that the transcripts of S2 were present in both cases.
To address the possibility that a mutation had occurred within the open reading frame (ORF) of S2, we analyzed the nucleotide sequence of the S2 segment in TD and TC isolates. cDNA fragments of TC and TD isolates, corresponding to nt 3 to 3365 of the S2 genome segment of the RDV H strain (RDV-H) (25) , were produced by reverse transcription-PCR from total genomic dsRNA. Primers P5B-2, 5Ј CAGGATC CCGCGATGGCTTATCCT 3Ј (corresponding to nt 3 to 26), and P3B-1, 5Ј CAGGATCCCGACCACATCATGCGC 3Ј (complementary to nt 3358 to 3381), corresponded to the sequences on either side of the ORF (nt 15 to 3365) of RDV-H. P5B-2 and P3B-1 included BamHI sites (underlined) as a result of a few base changes. The PCR products were cloned by using the pT7Blue T-Vector. The BamHI-digested inserts were recloned into the plasmid vector pBluescript II to facilitate deletions. Deletions in the cDNAs were made at intervals of about 300 bp by digestion with exonuclease III (Takara Shuzo) from both ends. The nucleotide sequences of the inserts were determined on both strands by dideoxy sequencing with a Dye Primer Cycle Sequencing Kit (Perkin-Elmer Applied Biosystems) and automated sequencers (models 373A and 377; Perkin-Elmer Applied-Biosystems).
Rapid amplification of cDNA ends (RACE)-PCR was performed for cloning of the untranscribed 5Ј-and 3Ј-end regions of the S2 of the TC and TD isolates. The dsRNA extracted from purified virus was denatured and polyadenylated by using ATP in poly(A) buffer (125 mM Tris-HCl [pH 7.5], 500 mM NaCl, 25 mM MgCl 2 , 5 mM MnCl 2 , 2.5 mM dithiothreitol, 5 mM ATP) and poly(A) polymerase (Takara Shuzo). Oligonucleotide 5Ј GGCCACGCGTCGACTAGTAGTAC(T)17, supplied with the 3Ј RACE system (Gibco BRL), served to prime the synthesis of cDNA from the tailed template. After digestion of the RNA template by RNase H, 5Ј-and 3Ј-end fragments were generated by PCR, in which oligonucleotide 5Ј GGCCACGCGTCGACTAGTAC and the internal sense primer for the 3Ј end (5Ј TGATGTCCTGCTTCTGCCTG GG, nt 3249 to 3270) or the antisense primer for the 5Ј end (5Ј AGCTGCTAAGACTGCGGCACGG, nt 269 to 290) were utilized, respectively. The resulting dsDNA was subcloned into the pT7Blue T-Vector, and the inserts were sequenced as described above. DNA sequencing data were assembled and analyzed with the DNASIS (Hitachi Software Engineering) and GENETYX (Software Development) software packages.
The segment sizes of the S2 of the TD and TC isolates were exactly the same, but approximately 0.6% of the nucleotides in all S2 segments from the TD isolate had point mutations. A change at nt 47 in the TD isolate generated a termination codon. Thus, the ORF ended at amino acid residue 11 of the predicted 127-kDa polypeptide encoded by the S2 segment in the TC isolate of the O strain of RDV (Fig. 5) .
The virus particles in the TD isolate of RDV, which lacked the P2 protein (Fig. 2) , did not infect VCM (Fig. 1) . The virus was not propagated in vector insects (Table 1) . These results resembled the results for a TC isolate from which the P2 protein had been eliminated by chemical (CCl 4 ) treatment (27) . This coincidence suggests that a similar mechanism caused the loss of virus infectivity and failure in transmission of the virus in each case. P2 protein was missing from the TD isolate among the five major structural proteins detected by immunoblots (Table 2) . Thus, the correlation between the presence of the P2 protein in viral particles and the ability of the virus to infect vector cells was apparent for two distinct materials: a TD isolate generated from a living plant and a TC isolate from which the P2 protein had been eliminated by treatment with CCl 4 . These results suggest that the virus in the TD isolate was not transmissible by the vector because it had lost the ability to infect insect vector cells as a result of the absence of the P2 protein in virus particles. The results support the hypothesis that the P2 protein is one of the factors that is essential for infection of insect vector cells by RDV (27) .
Our inability to detect the P2 protein in the TD isolate in vivo (Table 2) suggests that the absence of the P2 protein from the purified preparation was due to failure to synthesize P2 and not to the failure of the P2 protein to be integrated into viral particles. The S2 genome segment of apparently normal size was detected in equimolar amounts relative to other segments in the TD and TC isolates (Fig. 3) , suggesting that the loss of the P2 protein encoded by S2 was due to a defect either in transcription or in translation. Since the multiplication cycle of phytoreovirus appears to be similar to that of other viruses that belong to the Reoviridae (15, 23, 26) , the ss(ϩ)RNAs, which are transcripts of RDV genes, are considered to function as mRNAs in the cytoplasm of host cells and to be translated into polypeptides (4, 14, 18, 28) . Therefore, the presence of the ss(ϩ)RNA transcript of S2 in TD-infected rice (Fig. 4) suggests that failure of translation resulted in the absence of P2 protein and that the mutation within the S2 ORF does not FIG. 4 . Northern blot analysis of RDV RNAs. Total RNA of TD and TC isolates was subjected to electrophoresis on a 1% agarose gel, blotted, and allowed to hybridize with a 32 P-labeled positive-sense RNA (ϩss) or negativesense RNA (Ϫss) that corresponded to genome segment S2 of RDV, expressed after cloning of the cDNA into pBluescript II. One and five micrograms of genomic dsRNA of RDV was processed in the same manner as controls. Arrowhead, position of the full-sized transcript (3.5 kb). affect the efficiency of transcription and replication of the segment.
The nucleotide sequence of the S2 genome segment of the TD isolate revealed a termination codon at a position that corresponded to nt 47 in the ORF of the TC isolate (Fig. 5) . Accordingly, the major ORF (nt 141 to 3461) of the S2 segment of the TD isolate, which is 142 bp shorter than the authentic S2 ORF, is preceded by a minicistron (bases 15 to 44). The large ORF of such an mRNA has been reported to be translated on occasion (9) . However, this is not considered to be the case for the S2 segment of the TD isolate. If the downstream major ORF is to be translated, the AUG codon of the major ORF must be recognized by directly entering ribosomes that are guided by an internal ribosome entry-site sequence (19) , by ribosomes that bypass the first AUG and search for a downstream AUG triplet (12) , or by reinitiation-competent ribosomes (10, 12) . No internal ribosome entry-site sequence was found in the 5Ј-terminal region of the major S2 ORF of the TD isolate. The first AUG (nt 15 to 17) is unlikely to be leaky since it is a strong initiator, according to Kozak's rule (11). Although reinitiation might be possible in view of Kozak's observations with a mammalian system (10), such is not the case for expression of S2 of the TD isolate in plants, as shown in Fig. 5 . It is unknown whether the minicistron is expressed in TD-infected rice cells.
The P2 protein of RDV is located in the outer capsid of the viral particle and is considered to play an important role in some step(s) from adsorption of the virus to the insect cell to the initial onset of multiplication of the virus within the cell (27) . The virus in infected rice plants is acquired by an insect mouth stylet. It probably infects the intestinal tract, multiplies in intestinal cells, and is distributed to various organs (2) . The insect starts to transmit the virus after a latent period of 10 to 20 days (2, 3). The absence of P2 protein in the TD isolate might result in failure of the virus to infect the cells of the intestinal tract of the vector insect, with a consequent defect in transmission of the isolate.
Loss of the ability to synthesize P2 protein by the TD isolate that had been maintained in plants without passage through vector insects suggests that the P2 protein might not be required for virus propagation in rice plants. Therefore, the S2 genome segment might be free from the pressure of natural selection in such an environment, and S2 with a mutation might have a chance to spread throughout the host plant, as well as the normal segment. Clarification of the molecular mechanism of viral multiplication in distinct hosts (insects and plants) should bring new insight to the roles of proteins that function in virus-host interactions.
Nucleotide sequence accession numbers. The nucleotide sequences reported in this paper will appear in the DDBJ, EMBL and GenBank nucleotide sequence databases with accession no. AB001579 (TC genome segment S2) and AB001580 (TD genome segment S2).
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